A series of numerical investigations has been performed to study the effect of lower boundary roughness on turbulent flow in a two-dimensional channel. The roughness spacing to height ratio, w/k, has been investigated over the range 0.12 to 402 by varying the horizontal rib spacing. The square roughness elements each have a cross-sectional area of (0.05H) 2 , where H is the full channel height. The Reynolds number, Re τ is fixed based on the value of the imposed pressure gradient, d p/dx, and is in the range 6.3×10 3 −4.5×10 4 . A Reynolds Averaged Navier-Stokes (RANS) based turbulence modelling approach is adopted using a commercial CFD code, ANSYS-CFX 14.0. Measurements of eddy viscosity and friction factor have been made over this range to establish the optimum spacings to produce maximum turbulence enhancement, mixing and resistance to flow. These occur when w/k is approximately 7. It is found that this value is only weakly dependent on Reynolds number, and the decay rate of turbulence enhancement as a function of w/k ratio beyond this optimum spacing is slow. The implications for heat transfer design optimisation and particle transport are considered.
nia and Djenidi [25] , is often separated into three differ- roughness-element center-lines λ; values differ by unity 37 for square ribs. Therefore one must be careful not to 38 confuse the cavity width to height ratio w/k to the pitch 39 to height ratio λ/k. 40 For a sufficiently low width to height ratio, w/k 2, 41 or d-type roughness, the flow undergoes a "skimming Leonardi et al. [29] showed that the inter-71 mediate regime appears within the range 3 < w/k < 7.
72
In a fully rough flow, the ratio of the product of the 73 roughness height and shear velocity to the kinematic 74 viscosity of the fluid k 
Governing equations

207
The mathematical equations for steady Reynolds av- 
Momentum:
where p ′ is the time-averaged modified pressure as bulent viscosity is given in standard form as,
For the Reynolds stress turbulence models, steady
216
Reynolds averaged momentum equations are given by,
In contrast to the eddy viscosity model, the modified 218 pressure, p ′′ used in momentum equation (5), has no 219 turbulence contribution and is written as a function of 220 static pressure as,
The standard Reynolds stress turbulence models use 
where C S is a constant, Φ i j is the pressure-strain corre-227 lation, and P i j is the production term.
228
Both the K − ε and K − ω models use the eddy vis-229 cosity hypothesis, which is described using the follow-
230
ing formula for the Reynolds stresses in incompressible 231 flows:
Hence the 2D assumptions in the RANS simulations are 233 given by:
Whilst we constrain the flow next to a wall to a two- symmetry condition is applied in the spanwise direction. Re b close to the experimental and LES data. 
The normalised streamwise turbulence intensity U rms 315 at the centre of the cavity is also compared for w/k = 
Results
339
In total, 196 RANS modelling simulations were per- 
Flow resistance
418
The loss of energy from a flow needed to overcome 419 a rugose surface is commonly evaluated using the skin-420 friction drag and form drag which sum to the total drag.
421
The ratio of the form drag to skin drag increases with Re τ =40,000
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Polynomial (b) Figure 6 : Scatter plots of the area-weighted average friction factor and eddy viscosity vs. w/k for a range of Reynolds numbers. 
Eddy Viscosity
529
The current results have implications in turbulent 
